We consider the radial buoyancy of vertical magnetic field lines in radiation and gas pressure dominated accretion disks. We find that in addition to radial drift driven by turbulent diffusion and biased by the global field geometry, there are buoyancy effects which tend to move magnetic flux outward. In gas pressure dominated disks the poloidal magnetic field will move outward at a rate comparable to its inward advection. On the other hand, in a radiation pressure dominated disk the poloidal magnetic field will usually move outward faster than it is advected inward. This implies that the fields in disks in active galactic nuclei are generated at small radii by an internal disk dynamo and that variations in the mass transfer rate will lead directly to a modulation of the nonthermal emission from the disk.
Introduction
It is well known that the emission-line spectra of active galactic nuclei (hereafter AGNs) are strongly variable. Typical time scales for this variation range continuously from the time scales appropriate for light travel across the inner regions of the accretion disk around a black hole, i.e.
(hours for supermassive black holes) up to years. This variability remains one of the central issues in any theoretical model of the central engine in an AGN.
A simplified model for the nonthermal radiation from an active galactic nucleus (AGN) consists of a supermassive black hole surrounded by a magnetized accretion disk. In its simplest form this model is taken to be axisymmetric and stationary. The nonthermal radiation is ascribed to the Blandford-Znajek process (Blandford and Znajek 1977) , which emits nonthermal radiation from an extended magnetic field embedded in the black hole event horizon, the surrounding plasma, and the accretion disk. This model for the nonthermal radiation emission from an AGN was reformulated and extended by Thorne and Macdonald (1982) , Macdonald and Thorne (1982) , and Thorne et al. (1986) in the '3+1'-spacetime formalism. The magnetic field in the disk will also give rise to a magnetically driven wind, and possibly a jet, as matter spirals out along the poloidal field lines (Blandford & Payne 1982) .
Starting from the axisymmetric, stationary model for emission due to the BlandfordZnajek process Vishniac (1989a, 1989b, hereafter PVa and PVb, respectively) explored a time-dependent model which included the effects of variations in the mass accretion rate. The main point was to add the secular effects of mass accretion to the original axisymmetric, stationary model of the nonthermal radiation. Such variations are expected because AGN accretion disks are expected to be radiation pressure and electron scattering dominated, and this can give rise to thermal and viscous instabilities on a broad range of time scales (Lightman & Eardley 1974) . In PVa and PVb we investigated the axisymmetric, nonstationary electrodynamics of a black hole and its accretion disk, respectively.
In PVb we found that the electrodynamic power output from the accretion disk can be variable on time scales associated with secular disk instabilities. The point was that the local fluctuations in fluid velocities in the accretion disk will cause fluctuations in the nonthermal component of the radiation by the Blandford-Znajek process. The time scales for these fluctuations, therefore, will reflect the range of orbital periods in the inner annulus of the disk.
In this paper we discuss another effect which may explain the fluctuations in the nonthermal emission, the relative motion of the infalling matter and the entrained poloidal field. The traditional view of the magnetic field in astrophysical objects, like accretion disks, is that the matter and magnetic field lines are tightly anchored to one another.
Consequently accretion disks should continuously accrete poloidal field from the surrounding medium. Since the back reaction from the field on the matter flow will also increase without limit this leads to a situation in which the magnetic field completely overwhelms the gas pressure and drastically alters the properties of the accretion disk.
On the other hand, if one supposes that the magnetic field is not tightly coupled to the underlying fluid, then one can invoke the concept of turbulent diffusion for the magnetic field. This leads to the prediction that large scale magnetic fields tend to move outward in accretion disks and are eventually ejected from their outer edges (Van Ballegooijen 1989) .
Although it is difficult to reconcile turbulent diffusion with the view that the magnetic field fills the entire fluid volume, it is consistent with the idea that the magnetic field in stars and accretion disks naturally forms intense, partially evacuated, fibrils that are capable of moving relative to the bulk of the fluid, i.e. flux tubes. In a recent paper Vishniac (1995a) examined the underlying physics behind the formation of such flux tubes and compared the predictions of a particular model with numerical simulations. A subsequent paper (Vishniac 1995b ) predicted that the flux tubes in ionized accretion disks will be largely empty and discussed the consequences of this model for the vertical buoyancy of the toroidal field of an accretion disk. Here we extend this work to the radial motion of a poloidal field and show that in a radiation pressure dominated disk it leads to a strong outward motion of the field lines. This in turn leads to a modulation of the nonthermal power emitted by the magnetosphere as changes in the state of the disk raise and lower the rate at which the poloidal field is dispersed outward.
In §II of this paper we discuss the radial buoyancy of vertical magnetic field lines embedded in an accretion disk. In §III we discuss some of the implications of this work for nonthermal radiation from AGN.
The Radial Buoyancy of B z
In order to understand the transport of flux within an accretion disk we need to have some model for the turbulent motions with the disk. Our work here is based on the idea that in an accretion disk these motions are driven by the magnetic field. A magnetized accretion disk will be subject to a violent shearing instability which will act to transport angular momentum outward (Velikhov 1959 , Chandrasekhar 1960 , Balbus & Hawley 1991 . The corresponding dimensionless viscosity α will be roughly the ratio of magnetic to thermal energies or
where B and P are the characteristic values of the magnetic field and pressure, respectively, in the disk, and V A and c s are the corresponding values of the Alfvén speed and sound speed. The resulting turbulence is anisotropic, but only by factors of order unity. This turbulence will be characterized by an eddy size of order V A /Ω and a typical turbulent velocity of order V A . Larger scale modes, as well as the Parker instability, will be largely suppressed by these eddies (Vishniac & Diamond 1992) . For a thin disk the sound speed c s ∼ HΩ, where H is the disk thickness and Ω is the rotational frequency. Consequently, the dominant turbulent eddy size will be
The magnetic field in a turbulent medium will tend to separate into regions of high and low magnetic field density. Most of the magnetic energy will be contained in flux tubes whose internal density is kept at a level well below that of the ambient medium through turbulent pumping (Vishniac 1995a) . The properties of the flux tubes are largely independent of the resistivity of the gas provided that
where M T is the turbulent Mach number, k T is the wave number of the large scale eddies, η is the resistivity, E B and E T are, respectively, the spatially averaged magnetic and kinetic energy densities, f c , C d and w are constants of order unity, γ is the adiabatic index of the fluid, and n is the turbulent power spectrum index (equal to 2/3 for Kolmogorov turbulence). The viscosity can be ignored if
These conditions define the ideal fluid regime, within which the flux tubes are largely evacuated, except for a surface layer whose width is proportional to the square root of the resistivity. In accretion disks the kinetic and magnetic energy densities are roughly comparable due to the Balbus-Hawley instability. In this case, equations (4) and (5) can be rewritten as (Vishniac 1995b )
and 120 <∼ α 2 c s H ν P P gas ,
where P is the total pressure, and P gas is the gas pressure. For temperatures and Mach numbers appropriate for luminous disks, both of these conditions are usually satisfied. In this regime the typical flux tube radius is (Vishniac 1995a , Vishniac 1995b )
The factor of P/P gas enters here because turbulent pumping is ineffective for photons in accretion disks. Consequently, the magnetic pressure in a flux tube is limited by the ambient gas pressure instead of the total pressure.
If we consider an empty flux tube of radius r t and length L embedded in an accretion disk with an ambient pressure P a length L then it will displace a volume of fluid equal to its own volume. Removing (adding) such a flux tube from an accretion disk will cause the surrounding gas to expand (contract) and lead to a drop (rise) in the local energy due to pressure work. The energy involved is
If we assume that the gas expands adiabatically to fill the volume of the flux tube as it moves, then we can use the virial theorem for a pressure supported thin accretion disk, i.e.
to show that
where we take the pressure and flux tube radius to be the appropriate values near the midplane of the disk. In other words, we obtain the usual expression for the energy loss due to adiabatic expansion. The contribution from the gravitational energy term, which is of comparable order, is canceled by an additional thermal energy term. This approach fails for a flux tube in a radiation pressure dominated environment because only the gas pressure contributes to the energy expended by the gas expanding into the volume previously occupied by the flux tube. On the other hand, the gravitational potential term depends only on the matter density, and is not reduced by the tendency of the photons to fill up the otherwise empty flux tube. Consequently, U tube is of order P r 2 t L rather than P gas r 2 t L.
Moving a flux tube radially implies a change in U tube and a corresponding radial buoyancy. The radial force on a flux tube is equal to the radial derivative of U tube . Since a given flux tube can split, or combine with other flux tubes, as it moves outward we need to constrain the radial variation of U tube by using the conservation of magnetic flux, i.e.
t is a constant of motion. Consequently, the radial force per unit length is
Since the magnetic flux tube threads a turbulent disk, its actual length is
. This implies that
The sign of this radial derivative is not obvious, and may not even be the same for all radii and at all times. For a gas pressure dominated disk we have P = P gas andṀ ≈ αP HΩ −1 .
Consequently,
and the buoyant force will point outward in a stationary disk. On the other hand, near a thermal transition front, with ∂ r T and ∂ rṀ negative, magnetic flux lines can be pulled inward.
For a radiation pressure dominated diskṀ ≈ αP HΩ −1 , P gas ∝ ΣH −1 P 1/4 , and
For a stationary disk this increases inward, so that once again we obtain an outward buoyant force on the magnetic field lines.
Dropping constants of order unity we can equate the turbulent drag per unit length with this outward force and obtain
where C d is the coefficient of turbulent drag, which we will subsequently ignore as a constant of order unity. This implies that
In other words, the radial buoyancy of the field lines gives rise to an outward drift which is of order the inward drift of the matter times P/P gas . Note that we have ignored the specific angular momentum of the gas entrained on the field lines. This is justified as long as the flux tubes are largely empty, as they are in ionized accretion disks. In a disk dominated by gas pressure, the inward moving matter will act to drag the field lines inward, and the actual motion of the field lines will be determined by the detailed balance between these two effects. However, in a radiation pressure dominated environment the field lines will usually move outward. This conclusion will be affected by viscous and thermal instabilities in AGN disks, which may temporarily produce radial gradients which will can pull the magnetic field lines inward.
Up to now we have assumed that the magnetic field outside the accretion disk crosses the disk with a negligible bending angle. This will not be the case if the external field is driving a wind (Blandford & Payne 1982) . In this case the motion of the field is determined by vertical mixing through the disk. We can see this by invoking the usual derivation of turbulent diffusion for a magnetic field. Our argument is equivalent to the one given by Van Ballegooijen (1989) . The only conceptual difference is that we have justified the concept of turbulent diffusion by appealing to a specific physical model for the microscopic structure of the magnetic field. Starting from the induction equation
we can define a transient field b which is the response of the large scale magnetic field, B 0 , to small scale turbulent motions. We have
Substituting this back into the right hand side of the induction equation we obtain
for incompressible turbulence. The first term in this equation is the source of the turbulent dynamo, if any, and the second term gives rise to diffusive effects. If we consider only the diffusive terms which affect the evolution of B z then we get
where τ is the correlation time of the turbulence, in this case ∼ Ω −1 . The second term will be small, not only because the off diagonal terms of the averaged stress tensor will be small, but because the extra radial derivative will make it of order H/r compared to the first term. This implies an outward drift of the vertical field lines given by
where θ is the bending angle of the magnetic field as it passes through the disk. If the magnetic field is driving a wind, then θ will be of order unity and this will dominate over the radial buoyancy of field lines for (P gas /P ) > (H/r). On the other hand, if the field's geometry is not directly affected by the disk, and has a curvature scale comparable to r then θ will be of order H/r and the resulting radial drift velocity will be of the same order as the inward velocity of the matter. In this case radial buoyancy effects will dominate for radiation pressure dominated disks.
We conclude that the strong magnetic fields required for nonthermal emission from AGN disks must be maintained by dynamo processes at small radii, perhaps close to the central black hole. As the vertical magnetic field is created it will move outward, driven by turbulent reconnection through the disk. In a time-varying disk the characteristic rate at which the large scale vertical magnetic field adjusts to changes in the disk is
The nature of the dynamo at small radii is beyond the scope of this paper. Most work on disk dynamos has concentrated on the generation of toroidal fields, but the same processes will produce a poloidal field, albeit at a much reduced rate. When the central object is a rotating black hole there is also the possibility that relativistic effects can drive a poloidal field dynamo near the inner edge of the disk (Khanna & Camenzind 1994) . In either case the field lines will tend to open up as differential rotation pumps energy into the disk magnetosphere, ultimately producing a large scale poloidal field.
Implications for the Variability of AGN
We have examined the radial buoyancy of poloidal field lines embedded in an accretion disk. In general the field lines will tend to move outward at a rate comparable to the inward drift caused by accretion. This leaves the question of their global evolution unsettled.
However, in radiation pressure dominated disks radial buoyancy dominates over accretion.
It follows that the global magnetic field embedded in accretion disks around AGN must have its origin in dynamo processes taking place at small radii. What does this imply about the variability of nonthermal radiation from AGNs? If the poloidal field is generated from within the disk, and moves outward through turbulent reconnection and radial buoyancy, then both its generation rate and its outward migration rate will depend on conditions within the disk. Consequently, variations in the state of the disk will lead to changes in the basic parameters of the magnetosphere, which will lead directly to variations in its nonthermal radiation. Variations in the mass accretion rate in the inner disk will arise from instabilities operating at larger radii and will reflect the thermal rates at those radii, roughly αΩ(r). Since the time scales for disk variations will approach the light travel time across the magnetosphere for the inner regions of disks accreting near the Eddington limit it will be necessary to include time derivatives in the formulae for the structure of the magnetosphere.
As long as the poloidal field has only a weak effect on the mass flow within the disk, compared to internal processes driving angular momentum flow, the effects discussed here are incapable of driving disk instabilities. However, if the radiation pressure dominated part of the disk is subject to local instabilities over its entire radius, then such instabilities will lead directly to variations in the structure of the magnetosphere and the nonthermal emission it drives. For example, thermal transition fronts will produce narrow annuli with a large positive ∂ rṀ , driving magnetic flux inward. Since the disk instabilities will reflect the thermal and mass transport time scales for a wide range of radii, from the inner edge of the disk out to the radius where the radiation pressure of the disk loses its dominance, these time scales will also be present in the nonthermal emission. The upper limit to these time scales will depend on the details of the disk structure, but will clearly be much longer
